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Executive Summary 
With funding from the US Bureau of Reclamation, California – Great Basin Region (Region 10) and the 
California Department of Water Resources (Agreement No. 4600011908), the California Polytechnic 
State University, San Luis Obispo Irrigation Training & Research Center (ITRC) conducted testing on 4-
inch and 10-inch spool-type magnetic flow meters ( also known as mag meters and electromagnetic flow 
meters) from six manufacturers (12 meters total). The testing was performed to assess the effects of 
various hydraulic conditions on meter accuracy.  
 
This report summarizes the flow measurement accuracy testing and results for each of the 12 meters 
when subject to the following hydraulic conditions: 
• No obstructions (straight pipe) upstream and downstream (baseline).  
• Turbulent conditions caused by obstructions located at specific distances upstream and downstream 
from the meters as well as different meter installation conditions:  
o Double elbows upstream and downstream of the meter 
 In close proximity to the meter (2 diameters [2D] upstream, 1D downstream) 
 In intermediate proximity to the meter (5D upstream, 2D downstream) 
 In distant proximity to the meter (10D upstream, 4D downstream) 
 In two planes (5D upstream) 
o Throttled butterfly valve upstream of the meter (between double elbows at 2D upstream) 
• Meter and VFD electrical grounding  
• Meter electrode orientation 
 
The test results (summarized in Table 1 through Table 4) indicate the following key conclusions: 
• Most of the meters had an average overall flow measurement accuracy within the range of ±2 
percent in a straight pipe configuration.  More than half of the meters measured flow rate with an 
error less than ±2 percent at all velocities tested. 
• Generally, the meters had higher percent errors at lower flow rates. 
• Some meters had significantly higher variation in instantaneous meter readings (standard 
deviations) than other meters. 
• Proximity to an obstruction influenced meter accuracy for some meters. The error increased 
significantly for half of the meters when double elbow obstructions were very close; the other half 
did not. There was not a clear trend with accuracy when the obstructions were located at increased 
distances from the meters. 
• Obstructing the flow in two directions by orienting the upstream double-elbows in two different 
planes rather than one did not have a notable effect on the meters’ accuracies.  
• Throttling a butterfly valve directly (2D) upstream of a meter did not create a significant change in 
error until the valve was throttled more than halfway. For nearly all the meters, throttling a butterfly 
valve upstream of a meter by more than 50% had a notable effect on the meter’s accuracy. 
• There was minimal difference between the average meter accuracies in grounded and ungrounded 
meter conditions at medium and high flow rates. However, at low flow rates, the difference in 
average percent errors between the grounded and ungrounded meter test results slightly increased, 
with higher average errors occurring with ungrounded conditions. 
• Overall, grounding status (grounded or ungrounded) of VFDs did not have a significant effect on 
magnetic flow meter accuracy.  
• Electrode orientation influenced meter performance for the meter tested. 
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Table 1. Average percent errors from magnetic flow meter testing 
Model Size Flow Rate 




2D U/S, 1D D/S 
5D U/S  
2D D/S 
10D U/S  
4D D/S 
2-Plane  
(2D U/S) Valve Percent Open: 
100% 75% 50% 25% 




High -0.2 -0.4 -0.1 -0.4 -0.3 -1.1 -1.0 -1.8 -1.6 -0.8 -0.2 -0.6 
Medium -0.1 -0.7 -0.6 -0.8 -0.6 -1.1 -1.4 -0.9 -2.1 -1.1 -0.8 -1.5 
Low -0.3 -0.8 -0.7 -0.8 -0.8 -1.9 -1.5 -1.2 -2.5 -2.3 -2.2 -3.6 
10" 
High -2.8 -1.5 -1.5 -0.8 -1.2 -1.6 -1.5 -1.3 -1.8 -1.7 -1.7   
Medium -3.8 -1.7 -1.8 -1.1 -1.6 -1.3 -1.8 -1.3 -2.3 -2.1 -3.5   




High -2.5 -3.5 -2.8 -4.6 -1.4 -4.1 -4.5 -3.1 +3.7 -2.0 -1.5 -2.3 
Medium -3.1 -5.0 -4.7 -5.8 -1.7 -5.1 -11.7 -7.6 -4.8 -3.1 -2.6 -3.2 
Low -6.9 -8.5 -9.0 -8.5 -6.4 -1.8 -10.4 -13.7 -3.8 -3.0 -3.1 -3.5 
10" 
High -2.9 -3.5 -4.5 -4.5 -3.7 -3.6 -3.3 -3.3 -2.5 -2.5 -2.5   
Medium -1.4 -3.5 -3.8 -4.2 -4.1 -4.1 -3.8 -3.6 -2.0 -3.7 -2.7   




High +2.4 +2.1 +2.2 +2.5 +2.2 +1.4 +0.9 +1.0 -0.9 +1.6 +2.4 +1.8 
Medium +1.9 +2.5 +2.0 +2.5 +2.2 +0.9 +0.5 +0.6 +0.6 +1.5 +1.5 +2.0 
Low +1.2 +1.7 +1.6 +1.6 +1.9 +2.1 +2.0 +0.2 -1.0 +0.6 +2.1 +1.8 
10" 
High -1.0 +0.3 -0.5 -0.3 -0.2 -1.1 +0.5 +1.0 +1.6 +0.4 -1.0   
Medium -0.9 +0.5 +0.2 +0.2 +0.2 +0.3 +0.0 +0.9 +1.3 -0.2 -1.2   





High +1.3 +1.8 +1.7 +1.7 +1.9 +1.9 +1.9 +1.8 +1.7 +1.5 +1.6 +1.3 
Medium +1.1 +2.1 +1.7 +1.7 +2.0 +2.2 +2.2 +3.1 +1.3 +1.9 +2.0 +1.6 
Low +1.0 +2.5 +2.2 +2.0 +2.3 +2.2 +1.5 +4.7 +4.9 +2.3 +2.5 +2.0 
10" 
High +1.3 +2.1 +2.4 +1.6 +1.0 +1.5 +1.9 +1.7 +1.7 +1.6 +1.0   
Medium +1.7 +1.2 +1.5 +1.6 +1.5 +1.5 +1.8 +1.8 +1.5 +1.6 +1.6   




High +1.0 +1.6 +1.2 +1.2 +1.5 +0.9 +0.4 +3.0 +2.9 +1.3 +0.6 +0.9 
Medium +0.8 +1.6 +2.0 +1.4 +1.8 +1.9 +2.0 +4.3 +4.4 +1.0 +0.5 +1.1 
Low +1.0 +3.5 +3.3 +3.0 +3.0 +3.4 +2.8 +4.2 +2.7 +1.4 +0.8 +1.7 
10" 
High +0.8 +2.1 +2.5 +1.8 +1.8 +2.2 +2.1 +1.9 +3.9 +0.9 +0.5   
Medium +0.6 +1.6 +2.7 +1.8 +2.5 +1.5 +2.4 +2.6 +4.1 +0.7 +0.6   





High -0.2 +0.3 +0.5 +0.3 +0.0 +0.6 +0.1 +1.9 +0.9 +0.2 -0.1 +0.0 
Medium -0.1 +0.6 +0.2 +0.7 +0.4 +0.8 +1.4 +2.6 +1.6 -0.2 +0.3 -0.2 
Low -0.2 +1.8 +0.8 +1.9 +0.8 +1.1 +0.9 +2.2 +0.9 -0.3 +0.0 +0.0 
10" 
High +0.1 +1.0 +1.3 +1.2 +1.3 +1.4 +1.3 +1.9 +0.7 -0.2 +0.0   
Medium +0.5 +1.1 +0.3 +0.9 +0.9 +0.8 +0.0 +0.5 +1.2 +0.0 -0.1   
Low +0.7 -1.5 +0.6 +0.5 +0.3 +1.9 -0.1 +1.5 -0.3 +0.3 +0.3   
White: ≤±2.0%, Light Gray: 2.1-5.0%, Dark Gray: >5% 
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Table 2. Average percent errors from all flows from magnetic flow meter testing 
Models Size 











Valve Percent Open: 
100% 75% 50% 25% Average of All 
GND GND GND GND GND UG GND GND GND 
McCrometer  
Dura Mag 
4" -0.2 -0.6 -0.6 -1.3 -1.7 -0.6 -0.5 -1.4 -1.1 -1.9 
10" -4.7 -1.8 -1.2 -1.7 -1.6 -1.6 -2.0 -2.3 -4.6   
Sparling  
BlueWater 
4" -4.2 -5.6 -4.7 -6.3 -4.9 -5.7 -5.5 -2.7 -2.4 -3.0 
10" -2.5 -4.1 -3.8 -4.2 -3.9 -3.7 -4.5 -2.6 -2.8   
Seametrics  
AG3000 
4" +1.8 2.0 2.2 1.3 0.1 +2.1 +1.9 +1.2 +2.0 +1.9 
10" -1.4 0.1 0.1 -0.1 1.3 +0.3 -0.1 -0.2 -1.6   
Siemens Sitrans  
FM MAG8000 
4" +1.1 2.0 1.9 2.0 2.9 +2.1 +1.9 +1.9 +2.0 +1.6 
10" +1.6 1.5 1.2 1.4 1.4 +1.4 +1.6 +1.6 +1.3   
ABB 
AquaMaster 3 
4" +0.9 2.2 2.0 1.9 3.6 +2.2 +2.2 +1.2 +0.6 +1.2 
10" +0.6 2.3 1.9 2.0 2.5 +1.5 +3.0 +0.7 +0.6   
Krohne   
Waterflux 3070 
4" -0.2 0.7 0.7 0.8 1.7 +0.9 +0.5 -0.1 +0.1 -0.1 
10" +0.4 0.5 0.9 0.9 0.9 +0.2 +0.7 +0.0 +0.1   
Table 3. Average percent errors from electrode orientation testing on the 10-inch McCrometer 
Flow Rate 










High -2.2 -2.0 -2.5 
Medium -3.1 -3.1 -4.6 
Low -4.2 -6.7 -10.5 
Table 4. Average percent errors from grounding testing on the 4-inch Krohne 
Flow Rate 
Average Percent Error 
Meter/VFD Grounding Status: 
GND/GND UG/GND GND/UG UG/UG 
High -1.3 -1.3 -0.8 -1.1 
Medium -1.1 -1.1 -1.1 -4.5 
Low -1.1 -1.7 -1.4 -1.5 
For all tables on this page:  White: ≤2.0%, Light Gray: 2.1-5.0%, Dark Gray: >5%
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Introduction 
Magnetic flow meters (also referred to as mag meters and electromagnetic flow meters) have become 
commonly used for closed pipeline flow measurement due to their accuracy and non-invasive 
measurement. These devices have been shown to measure flows with a high level of accuracy, which 
manufacturers commonly report to be within the range ± 0.4 to 1.0 percent. As water use regulations 
have become more stringent, using accurate and reliable flow measurement devices has become a 
necessity and magnetic flow meters have become a popular choice among water users.  
 
Advantages of magnetic flow meters include: 
• High level of accuracy even with some flow disturbance 
• No moving parts; not impacted by sand, sediment, or algae  
• No or minimal head loss through the meter 
• Ability to measure a wide range of velocities 
• Instantaneous flow rate and volumetric total measurement capability 
• Minimal maintenance required 
 
Disadvantages include: 
• Relatively high cost 
• Pipe must be full to measure accurately 
• Sensitivity to turbulent flow conditions 
• Installation at existing sites can be challenging and costly 
 
Obstructions (such as elbows and partially closed valves) can create turbulence that changes the velocity 
profile in a pipe and can cause errors in magnetic flow meter measurements. Most manufacturers have 
minimum requirements for straight pipe distances both upstream and downstream of the meter’s 
location; the distance is typically specified as an equivalent number of pipe diameters. An example is 
shown in Figure 1 but the requirements vary significantly from manufacturer to manufacturer. In 
agriculture, magnetic flow meters are frequently installed in existing, confined sections with limited 
space between the meter and pump discharges, valves, elbows, or other obstructions, making it difficult 
to meet the straight pipe requirements. Many newer meters have reduced the straight pipe 
requirements significantly, with some models requiring no upstream or downstream straight pipe 
sections for certain hydraulic conditions. 
 
 
Figure 1. Example manufacturer straight pipe recommendation (from Seametrics 2018) 
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Previous research on magnetic flow meters has found that magnetic flow meters’ velocity-sensing 
electrodes’ orientation (either in-plane or out of plane relative to an obstruction) can affect meter 
accuracy, particularly with obstructions at close proximity (Justensen et al. 2019). 
 
The testing in this project was performed to quantify the effect various conditions have on the accuracy 
of magnetic flow meters. This included: 
• turbulent conditions caused by obstructions located at specified distances upstream and 
downstream from the meters  
• proper electrical grounding 
• meter electrode orientation 
 
Operation of Magnetic Flow Meters 
Full-bore and in-line magnetic flow meters operate according to the principle that a voltage will be 
induced proportional to the velocity of a conductor as it moves at a right angle through a magnetic field. 
In the case of magnetic flow meters, the water in the pipe acts as the conductor. The meter uses 
electrical power to create a magnetic field. A schematic view of a magnetic flow meter is shown in 
Figure 21. In measuring the voltage, the meter can calculate the volume of the liquid through a 
controlled section. Faraday’s Formula is used to calculate the voltage (E) from the magnetic field 
strength (B), the length of the conductor (D), and the velocity of the conductor (V). This is shown in 
Equation 1.  
 
 E ∝ B × D ×V  Eq. 1 
 
 
Figure 2. Schematic view of a magnetic flow meter (from USBR 1997) 
 
 
1 Figure 2 shows a magnetic flow meter with two electrodes. Units have either two or four electrodes and can be 
placed at any angle. The coils that generate the magnetic field can be installed inside or outside of the spool piece. 
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Testing Overview 
With funding from the US Bureau of Reclamation, California – Great Basin Region (Region 10), the 
California Polytechnic State University, San Luis Obispo Irrigation Training & Research Center (ITRC) 
conducted testing on 4-inch and 10-inch spool-type magnetic flow meters from six manufacturers (12 
meters total). The testing was performed to assess the effects of the following hydraulic conditions on 
meter accuracy: 
• No obstructions (straight pipe) upstream and downstream (baseline).  
• Turbulent conditions caused by obstructions located at specific distances upstream and downstream 
from the meters:  
o Double elbows in close proximity to the meter (2 diameters [2D] upstream, 1 1D downstream) 
o Double elbows in intermediate proximity to the meter (5D upstream, 2D downstream) 
o Double elbows in distant proximity to the meter (10D upstream, 4D downstream) 
o Double elbows in 2 planes (5D upstream) 
o Throttled butterfly valve (installed between double elbows at 2D upstream) 
• Meter and VFD electrical grounding  
• Meter electrode orientation 
 
Meters Tested 
Six models of magnetic flow meters from different manufacturers in both 4-inch and 10-inch nominal 
bore sizes were tested (12 meters total). The manufacturer specifications for each of the meters tested 
are listed in  Table 5. External and internal views of each of the meters tested are provided in 
Attachment A. The bore shape, bore diameter, number of electrodes, and orientation of electrodes 
varied between the different manufacturers. The meters were grouped into three categories based on 
observations about the number of electrodes and electrode positioning.  Figure 3 illustrates the three 
categories of electrode configurations.  
 
 
A. Four electrodes; one pair is horizontal, and the other is vertical when the converter is positioned 
vertically. The horizontal electrodes measure the water velocity while the vertical electrodes are used 
for meter electrical grounding. 
B. Two measuring electrodes positioned horizontally relative to the converter. Can also contained a 
third reference electrode that allows the meter to be grounded without the use of grounding rings.  
C. Four electrodes skewed at an angle relative to the converter. The electrodes closer to horizontal 
measure velocity while the other electrodes are used for meter electrical grounding. 
 
Figure 3. Three configurations of measuring electrodes observed in the magnetic flow meters tested2  
 
2 Bore shape/diameter varies between meters and is not illustrated in this figure.  
A B C 
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Table 5. Manufacturer specifications for magnetic flow meters tested 





(see Figure 3) 
Manufacturer Stated 
Power Source 
(Battery) Min. Straight Dia.  Accuracy/ 
Recommendation U/S D/S 
McCrometer Dura Mag 4 DM18-0652 0.77 C 2 1 ±1.0% 3.6V Lithium Thionyl Chloride D-cell 10 DM18-0653 0.67 
Sparling Bluewater 
4 B002152418 0.89 
B 3A, 10 B 1 ±1.0% 7.2 V 
10 B000531618 0.09 
Seametrics AG3000 D 
4 82018000980 
0.16 A 2A, 5C 1 ±1.0% 7.2 V Lithium D-cell 
10 82018000983 
Siemens Sitrans FM MAG8000 E 








±0.4% + 2 mm/s 
Recommended min. 
Approved installation 
3.6 V Internal 2 D-cell  
10 PBD-L3014826 0.12 
ABB AquaMaster 3 
4 3K620000280208 
0.11 A 0 0 ±1-3% per OIML R49 Cl1
F 
with ±0.4 at higher flows 3.6V Lithium  10 3K620000280209 
Krohne Waterflux 3070 
4 S17311182 
0.04 B 0 3 
0 
1 
±1-3% per OIML R49 Cl1F 
±0.2% + 1 mm/s 
3.6V Internal Dial D-
cell 10 S18300504 
A For meter installed downstream of elbows 
B For meter installed downstream of multiple elbows, valves, or expanders 
C For meter installed downstream of partially closed valve  
D This is the standard version of the meter. Higher accuracy versions are available. 
E This is the standard version of the meter (7ME6810) with a standard calibration. The irrigation version of the meter (7ME6880) has a lower accuracy. 
F OIML R49 Class 1 rating is <1% error at most flow rates and <3% error at low flow rates. Refer to standard/manufacturer’s literature for specific flow ranges. 
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Testing Conditions 
The accuracy of the magnetic flow meters was measured under nine (9) testing conditions (referred to 
as Testing Conditions 1 through 9), each with a slightly different layout. The variables tested for each 
testing condition are listed in Table 6. The standard layout for Testing Conditions 1 through 8 and the 
general testing procedure for each testing condition are provided in the following sections.  
 
Table 6. Description of testing conditions 
Testing 
Condition Variables Tested 
1 Baseline, straight pipe configuration  
2 Double elbow obstructions, close proximity       (2D upstream, 1D downstream) 
3 Double elbow obstructions, intermediate proximity       (5D upstream, 2D downstream) 
4 Double elbow obstructions, distant proximity       (10D upstream, 4D downstream) 
5 Double elbow obstruction in two planes       (5D upstream) 
6 Throttled upstream butterfly valve       (from 100 percent to 25 percent open) 
7 Meter electrical grounding 
8 Meter electrode orientation  
9 Meter and VFD electrical grounding 
 
 
Testing Condition 1 was a baseline meter accuracy test in a straight pipe configuration. Testing 
Conditions 2 through 4 subjected the meters to turbulent conditions caused by obstructions located at 
various distances upstream and downstream from the meters. For these tests, the obstructions (double 
elbows) were oriented in-plane with the meters’ electrodes. Figure 4 illustrates in-plane and out-of-
plane meter electrode orientations with respect to pipe elbows. For this illustration, the velocity-sensing 
electrodes are assumed to be oriented horizontally relative to the converter. 
 
 
Figure 4. View of in-plane (top) and out-of-plane (bottom) electrode orientation with respect to elbows 
Meter electrodes in-plane with elbow 
Meter electrodes out-of-plane with elbow 
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Testing Conditions 5 and 6 examined other turbulent conditions. Testing Conditions 7 and 9 assessed 
grounding of the meters and VFD. Testing Condition 9 was performed in a separate pipeline 
configuration supplied by a variable frequency drive (VFD)-controlled pump. Testing Condition 8 
examined the orientation of a meters’ electrodes. 
 
Standard Layout 
All the testing for Testing Conditions 1 through 8 was performed on parallel 4-inch and 10-inch pipelines. 
Diagrams of the 4-inch and 10-inch pipeline configurations for each testing condition are provided in 
Attachment B. The standard testing layout (refer to Figure 5 and Figure 6) for Testing Conditions 1 
through 8 was as follows: 
• A vertical turbine pump controlled by a variable frequency drive (VFD) pulled water from the WRF 
reservoir. 
• The VFD pump discharged into an 18-inch pipeline that supplied water to either a 10-inch pipeline or 
a 4-inch pipeline, along which the test meters were installed. The 4-inch and 10-inch testing was 
performed separately, and valves installed on the manifold controlled which pipeline the water was 
directed to.  
• A standard flow measurement device was installed downstream of the test meter. Either the ITRC 
gravimetric tank or a standard magnetic flow meter with verified accuracy was used as the standard 
device depending on the testing condition. When used, the standard meter was installed at least 10 
diameters downstream of all obstructions. 
• Downstream of the meter(s), a butterfly valve was throttled to ensure full pipe conditions for each test. 
• The end of the pipeline discharged back into the WRF reservoir. 
 
 
Figure 5. Manifold with 4-inch (middle left) and 10-inch (middle right) flow meter testing pipelines 
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Figure 6. Schematic of magnetic flow meter testing setup – conceptual, not to scale 
 
General Procedure 
There were slight variations in the testing protocols depending on which standard flow measurement 
device was used. The two standard devices used were (1) the NIST3-traceable ITRC gravimetric tank4 and 
(2) magnetic flow meters with verified accuracy. The complete list of standard devices used and flow 
measurement uncertainty for each device are included in Attachment C. For each testing condition, each 
meter was tested at high, medium, and low flow rates corresponding to approximate pipeline water 
velocities of 10, 5, and 2 feet per second (fps), respectively. Detailed descriptions of each testing 
procedure and the testing conditions to which they apply are provided in Attachment D. The following 
generalized procedure explains the overall system setup and flow measurement accuracy testing 
process for all testing conditions. 
1. Variable frequency drive (VFD) pump speed adjusted until the desired flow rate/velocity was 
achieved. 
2. Flow rate from the pump stabilized. Periodic measurements were taken during this time to assess 
the flow rate. 
3. Start of testing time period; measurement data shown on test meter’s remote-mounted display was 
manually recorded for minimum of 2.5 minutes (5 minutes if using standard meter) for a minimum 
of 10 measurements.  
4. The measurements were recorded on 15-second intervals for a minimum 2.5-minute period (30-
second intervals for a 5-minute period if using standard meter) for a minimum of 10 measurements.  
5. Last measurements recorded; end of testing time period. 
 
The following data processing procedure was used to calculate the average error and average absolute 
error for each testing condition/meter/velocity: 
 
3 NIST = National Institute of Standards and Technology; the US’s national metrology institute (NMI).   
4 The ITRC gravimetric tank has a NIST-traceable expanded uncertainty of 0.1% with a 95% confidence interval. For further 
information, refer to ITRC Paper No. P 2020-001: Feist, K. and Z. Markow. 2020. Overview and Uncertainty Analysis for an 
Irrigation Flow Measurement Facility. ITRC Paper No. P 20-001. http://www.itrc.org/papers/fmfacility.htm. 
   LEGEND 
       BREAKLINE 
       FLOW DIRECTION        
       VALVE 
 
STANDARD METER 
(IF USED)  
VFD 




4” OR 10” PIPELINE 
TEST CONDITION 
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1. Average flow rate from the standard device for each testing condition/meter/velocity was 
calculated as the average of the recorded measurement(s) from the standard device over the testing 
time period. 
2. Average flow rate from the test meters for each testing condition/meter/velocity was calculated as 
the average of the manually recorded measurements from the test meter during testing time 
period. 
3. Meter/velocity average error was calculated from the results calculated in Steps 1 and 2 using: 
 
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑃𝑃 =  
𝐴𝐴𝐴𝐴𝐴𝐴 𝑇𝑇𝑃𝑃𝑇𝑇𝑃𝑃 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐸𝐸𝐹𝐹 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃 − 𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑃𝑃𝑅𝑅𝑃𝑃𝑆𝑆𝑅𝑅𝑃𝑃𝑆𝑆 𝐷𝐷𝑃𝑃𝐴𝐴𝐷𝐷𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐸𝐸𝐹𝐹 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃
𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑃𝑃𝑅𝑅𝑃𝑃𝑆𝑆𝑅𝑅𝑃𝑃𝑆𝑆 𝐷𝐷𝑃𝑃𝐴𝐴𝐷𝐷𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐸𝐸𝐹𝐹 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃
× 100% 
4. Test meter average error was calculated as the mean of the results for each testing condition/test 
meter/velocity from Step 3. 
5. Meter/velocity change in percent error was calculated to illustrate the relative change in meter 
accuracy in response to different testing conditions, or between different tests in the same Testing 
Condition. The change in percent error was calculated using: 
 
𝐶𝐶ℎ𝑅𝑅𝑃𝑃𝐴𝐴𝑃𝑃 𝐷𝐷𝑃𝑃 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑃𝑃 =  𝐶𝐶𝐸𝐸𝑃𝑃𝑆𝑆𝐷𝐷𝑃𝑃𝐷𝐷𝐸𝐸𝑃𝑃 1 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑃𝑃 − 𝐶𝐶𝐸𝐸𝑃𝑃𝑆𝑆𝐷𝐷𝑃𝑃𝐷𝐷𝐸𝐸𝑃𝑃 2 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑃𝑃 
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Testing and Results 
Testing Condition 1 – Straight Pipe, No Obstructions 
Layout 
Meters were tested in a section of straight pipe (shown in Figure 7) as a baseline accuracy test for 
comparison. The meters were installed with more than 20 diameters upstream and 10 diameters 
downstream of straight, unobstructed pipeline. The meters were properly grounded to an external 
grounding rod. All meters (4-inch and 10-inch) were tested in this configuration. The gravimetric tank 
was used as the standard flow measurement device.  
 
   
Figure 7. 4-inch McCrometer meter in configuration with no obstructions 
 
Results 
The results from the baseline testing (straight pipe with no obstructions) are summarized in Table 7 and 
Table 8. Figure 8 shows a graph of the results and  Figure 9 shows the individual instantaneous meter 
readings, as compared to the average flow rate from the tested meter (“average”) and the flow rate 
from the standard (“standard”). The following were noted from the results: 
• Over half of the meters had the baseline (no obstruction) errors less than ±2% at all flow rates 
tested (McCrometer 4”, Siemens 4”/10”, ABB 4”/10”, and Krohne 4”/10”). 
• Most of the meters had an average overall accuracy within the range of ±2 percent.   
• Typically, the low flow rates (2 fps) produced higher errors.  
• Consistently across the flow rates and meter sizes tested, the Sparling and Seametrics meters 
had significantly higher variation in instantaneous meter readings than the other meters. This 
can be seen in the spread of values surrounding the average value for each test in Figure 9. 
• The 10-inch McCrometer’s error appeared to significantly increase during the baseline testing 
(this was the final testing performed). It is unclear what caused the increase in error. 
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Figure 8. Straight pipe, no obstructions meter accuracy testing results 
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Figure 9. Individual instantaneous measurements recorded from meters during straight pipe, no obstructions (baseline) testing compared to the tested 
meter average flow rate and standard flow measurement for each meter and flow rate5 
 
5 Graph scales differ. All scales are approximately 20% of the average standard flow rate value. 
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Testing Conditions 2 through 4 – Obstruction Proximity to Meter 
Layouts 
Testing Condition 2 – Double Elbow Obstructions: Close Proximity 
To test the effect of obstructions at close proximity to magnetic flow meters, the meters were 
positioned with double elbows located two (2) diameters upstream and one (1) diameter downstream 
of the meter. The meters were properly grounded to an external grounding rod. All meters (4-inch and 
10-inch) were tested in this configuration. A magnetic flow meter with verified accuracy installed in a 
straight section of pipe was used as the standard flow measurement device. The setup for Testing 





Figure 10. Testing setup for double elbow obstructions in close proximity to the meter (2D upstream, 1D 
downstream); 4-inch meter above and 10-inch meter below 
 
Testing Condition 3 – Double Elbow Obstructions: Intermediate Proximity 
To test the effect of obstructions at intermediate proximity to magnetic flow meters, the meters were 
positioned with double elbows located five (5) diameters upstream of the meter and two (2) diameters 
downstream of the meter. These distances exceed most manufacturer recommendations for straight 
pipe sections. The meters were properly grounded to an external grounding rod. All meters (4-inch and 
10-inch) were tested in this configuration. The gravimetric tank was used as the standard flow 
measurement device. The setup for Testing Condition 3 is shown in Figure 11. 
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Figure 11. Testing setup for double elbow obstructions in intermediate proximity to the meter (5D upstream, 2D 
downstream); 10-inch meter in background, 4-inch meter in foreground 
 
Testing Condition 4 – Double Elbow Obstructions: Distant Proximity 
To test the effect of obstructions at distant proximity to magnetic flow meters, the meters were 
positioned with double elbows located ten (10) diameters upstream of the meter and four (4) diameters 
downstream of the meter. These straight pipe distances have generally been considered sufficient to 
have no discernible effect from obstructions on magnetic flow meter accuracy. The meters were 
properly grounded to an external grounding rod. All meters (4-inch and 10-inch) were tested in this 
configuration. The gravimetric tank was used as the standard flow measurement device. The setup for 
Testing Condition 4 is shown in Figure 12. 
 
 
Figure 12. Testing setup for double elbow obstructions in distant proximity to the meter (10D upstream, 4D 
downstream); 10-inch meter 
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Results from the testing of obstructions at various distances from the magnetic flow meters are 
summarized in Table 7, Table 8, and Table 9 and are shown in Figure 13. The change in percent error 
between each of the tests performed with obstructions and the baseline accuracy test are shown in 
Figure 14. The following were noted from the results: 
• The error increased significantly for half of the meters when double elbow obstructions were 
very close (2D upstream and 1D downstream) (Sparling 4”/10”, ABB 4”/10”, and Krohne 4”/10”). 
The other half did not.  
• There was not a clear trend with accuracy at the increased distances (5D upstream + 2D 
downstream; 10D upstream + 4D downstream)  
• For nearly all the meters, the errors with obstructions were in the same direction (positive or 




Figure 13. Effect of proximity of obstructions on meter accuracy  
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Figure 14. Change in percent error between the tests performed at different proximities to obstructions and the 
baseline accuracy test 
 
Testing Condition 5 – Double Elbow Obstruction in Two Planes 
Layout 
Two 90-degree elbows were oriented in two different planes (rather than in the same plane, as tested in 
Testing Conditions 2 through 4). The meters were positioned with the two-plane obstruction located five 
(5) diameters upstream. The downstream obstruction was slightly different than previous tests due to 
constructability reasons; the first elbow was approximately one diameter downstream followed by a 
short section of straight pipe and two more elbows (see Figure 15). The objective of Testing Condition 5 
was to determine whether meter accuracy was affected by turbulence occurring in more than one 
direction (swirling). Only the 4-inch meters were tested in this configuration. The meters were properly 
grounded to an external grounding rod. The gravimetric tank was used as the standard flow 
measurement device.  
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Figure 15. Testing setup for two plane double elbow configuration; 4-inch meter 
 
Results 
The two-plane test results were compared against the one-plane 5D upstream, 2D downstream (Testing 
Condition 3) test results. The results are summarized in Table 7, Table 8, and Table 9. Figure 16 shows a 
comparison between the two-plane and one-plane test results for each meter and velocity tested. The 
change in percent error between the two-plane test and the one-plane test are shown in Figure 17. The 
following were noted from the results: 
• Obstructing the flow in two directions by orienting the upstream double-elbows in two different 
planes rather than one did not have a notable negative effect on the meters’ accuracies.  
• For most meters, there was an insignificant difference between the errors observed in the two-
plane testing compared to the one-plane testing (within ≤ ± 0.5 percent on average).  
• The exceptions to this were the McCrometer and Seametrics meters. The Seametrics meter’s 
two-plane testing error was not significantly different from the baseline error. The McCrometer 
meter’s two-plane testing error was notably higher at low flow rates than the one-plane and 
baseline testing errors (increase > 1 percent).  
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Figure 16. Effect of one-plane and two-plane double elbow obstructions on 4-inch meter accuracy 
 
 
Figure 17. Change in percent error between the one-plane and two-plane obstruction tests 
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Testing Condition 6 – Throttling an Upstream Butterfly Valve 
Layout 
For Testing Condition 6, the meters were positioned in the same configuration as Testing Condition 1, 
with double elbows located two (2) diameters upstream of the meter and one (1) diameter downstream 
of the meter (see Figure 10). Butterfly valves were positioned between each set of double elbows.  The 
upstream butterfly valve was set to fully open, 75 percent open, 50 percent open, and 25 percent open 
for each test. This percentage was based on the angle of the valve, rather than the open area. The 
downstream butterfly valve was set to fully open for all tests. The meters were properly grounded to an 
external grounding rod. All meters (4-inch and 10-inch) were tested in this configuration. A magnetic 
flow meter with verified accuracy was used as the standard flow measurement device. 
 
Results 
Test results for each combination of meter, valve opening, and velocity are summarized in Table 7, Table 
8, and Table 9 and shown in Figure 18. The change in percent errors between the tests performed with 
the butterfly valve fully open and with the valve at different degrees of valve opening are shown in 
Figure 19. The following were noted from the results: 
• For most meters, there was an insignificant difference between the errors observed when the 
upstream butterfly valve was positioned between fully open and 50 percent open (within ± 0.5 
percent on average).  
• Throttling the butterfly valve to 25 percent open noticeably increased the error of all meters (by 
approximately ± 1.0 percent on average).  
• The Sparling meters had the highest errors as well as the greatest variation in error between the 
different levels of valve closure at the same flow rate.  
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Figure 18. Effect of throttling an upstream butterfly valve on meter accuracy 
 
 
Figure 19. Change in percent error between a fully open valve and a throttled valve 
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Testing Condition 7 – Meter Electrical Grounding 
Layout 
For Testing Condition 7, the meters were positioned in the same configuration as Testing Condition 6, 
with double elbows located two (2) diameters upstream of the meter and one (1) diameter downstream 
of the meter and butterfly valves positioned between each set of double elbows (see Figure 10). The 
procedure for Testing Condition 6 was also followed, with the upstream butterfly valve set to fully open, 
75 percent open, 50 percent open and 25 percent open for each test. The values from each valve 
opening were averaged. The testing series was completed twice; once with the meters grounded to an 
external grounding rod and then again with the meters ungrounded. This was done to test the effects of 
electrical grounding on flow measurement accuracy. All meters (4-inch and 10-inch) were tested in this 
configuration. A magnetic flow meter with verified accuracy was used as the standard flow 
measurement device.  
 
Results 
Test results are summarized in Table 7, Table 8, and Table 9. Figure 20 shows the average percent error 
of the four tests for each combination of meter, grounding condition and velocity. Figure 21 shows the 
standard deviations of flow measurements between the grounded and ungrounded tests. The change in 
percent errors between the grounded meter tests and the ungrounded meter tests are shown in Figure 
22. The following were noted from the results: 
• There was minimal difference (within ± 0.5 percent on average) between the average meter 
accuracies in grounded and ungrounded conditions at medium and high flow rates (5 fps and 10 
fps). However, at low flow rates (2 fps), the difference in average percent errors between the 
grounded and ungrounded test results slightly increased (± 0.8 percent on average), with higher 
average errors occurring with ungrounded conditions.  
• The Sparling meters experienced notably higher measurement fluctuations in ungrounded 
conditions as compared to grounded conditions (refer to Figure 21), although the average 
accuracies were not affected.  
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Figure 20. Effect of electrical grounding of meters (average error from 4 tests) 
 
 
Figure 21. Average standard deviations of measurements between the four grounded and ungrounded tests 
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Figure 22. Change in percent error between the ungrounded and grounded meter tests 
 
The complete test results for Testing Conditions 1 through 7 for each meter and velocity tested are 
summarized in Table 7, Table 8, and Table 9 on the following pages. 
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Table 7. Average percent errors from magnetic flow meter testing 
Model Size Flow Rate 





2D U/S, 1D d/s 
5D U/S  
2D D/S 
10D U/S  
4D D/S 
2-Plane 
(5D U/S) Valve Percent Open: 
100% 75% 50% 25% 




High -0.2 -0.4 -0.1 -0.4 -0.3 -1.1 -1.0 -1.8 -1.6 -0.8 -0.2 -0.6 
Medium -0.1 -0.7 -0.6 -0.8 -0.6 -1.1 -1.4 -0.9 -2.1 -1.1 -0.8 -1.5 
Low -0.3 -0.8 -0.7 -0.8 -0.8 -1.9 -1.5 -1.2 -2.5 -2.3 -2.2 -3.6 
10" 
High -2.8 -1.5 -1.5 -0.8 -1.2 -1.6 -1.5 -1.3 -1.8 -1.7 -1.7   
Medium -3.8 -1.7 -1.8 -1.1 -1.6 -1.3 -1.8 -1.3 -2.3 -2.1 -3.5   




High -2.5 -3.5 -2.8 -4.6 -1.4 -4.1 -4.5 -3.1 +3.7 -2.0 -1.5 -2.3 
Medium -3.1 -5.0 -4.7 -5.8 -1.7 -5.1 -11.7 -7.6 -4.8 -3.1 -2.6 -3.2 
Low -6.9 -8.5 -9.0 -8.5 -6.4 -1.8 -10.4 -13.7 -3.8 -3.0 -3.1 -3.5 
10" 
High -2.9 -3.5 -4.5 -4.5 -3.7 -3.6 -3.3 -3.3 -2.5 -2.5 -2.5   
Medium -1.4 -3.5 -3.8 -4.2 -4.1 -4.1 -3.8 -3.6 -2.0 -3.7 -2.7   




High +2.4 +2.1 +2.2 +2.5 +2.2 +1.4 +0.9 +1.0 -0.9 +1.6 +2.4 +1.8 
Medium +1.9 +2.5 +2.0 +2.5 +2.2 +0.9 +0.5 +0.6 +0.6 +1.5 +1.5 +2.0 
Low +1.2 +1.7 +1.6 +1.6 +1.9 +2.1 +2.0 +0.2 -1.0 +0.6 +2.1 +1.8 
10" 
High -1.0 +0.3 -0.5 -0.3 -0.2 -1.1 +0.5 +1.0 +1.6 +0.4 -1.0   
Medium -0.9 +0.5 +0.2 +0.2 +0.2 +0.3 +0.0 +0.9 +1.3 -0.2 -1.2   





High +1.3 +1.8 +1.7 +1.7 +1.9 +1.9 +1.9 +1.8 +1.7 +1.5 +1.6 +1.3 
Medium +1.1 +2.1 +1.7 +1.7 +2.0 +2.2 +2.2 +3.1 +1.3 +1.9 +2.0 +1.6 
Low +1.0 +2.5 +2.2 +2.0 +2.3 +2.2 +1.5 +4.7 +4.9 +2.3 +2.5 +2.0 
10" 
High +1.3 +2.1 +2.4 +1.6 +1.0 +1.5 +1.9 +1.7 +1.7 +1.6 +1.0   
Medium +1.7 +1.2 +1.5 +1.6 +1.5 +1.5 +1.8 +1.8 +1.5 +1.6 +1.6   




High +1.0 +1.6 +1.2 +1.2 +1.5 +0.9 +0.4 +3.0 +2.9 +1.3 +0.6 +0.9 
Medium +0.8 +1.6 +2.0 +1.4 +1.8 +1.9 +2.0 +4.3 +4.4 +1.0 +0.5 +1.1 
Low +1.0 +3.5 +3.3 +3.0 +3.0 +3.4 +2.8 +4.2 +2.7 +1.4 +0.8 +1.7 
10" 
High +0.8 +2.1 +2.5 +1.8 +1.8 +2.2 +2.1 +1.9 +3.9 +0.9 +0.5   
Medium +0.6 +1.6 +2.7 +1.8 +2.5 +1.5 +2.4 +2.6 +4.1 +0.7 +0.6   





High -0.2 +0.3 +0.5 +0.3 +0.0 +0.6 +0.1 +1.9 +0.9 +0.2 -0.1 +0.0 
Medium -0.1 +0.6 +0.2 +0.7 +0.4 +0.8 +1.4 +2.6 +1.6 -0.2 +0.3 -0.2 
Low -0.2 +1.8 +0.8 +1.9 +0.8 +1.1 +0.9 +2.2 +0.9 -0.3 +0.0 +0.0 
10" 
High +0.1 +1.0 +1.3 +1.2 +1.3 +1.4 +1.3 +1.9 +0.7 -0.2 +0.0   
Medium +0.5 +1.1 +0.3 +0.9 +0.9 +0.8 +0.0 +0.5 +1.2 +0.0 -0.1   
Low +0.7 -1.5 +0.6 +0.5 +0.3 +1.9 -0.1 +1.5 -0.3 +0.3 +0.3   
White: ≤±2.0%, Light Gray: 2.1-5.0%, Dark Gray: >5% 
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Table 8. Average percent errors from all flows from magnetic flow meter testing 
Models Size 











(5D U/S) Valve Percent Open: 
100% 75% 50% 25% Average of All 
GND GND GND GND GND UG GND GND GND 
McCrometer  
Dura Mag 
4" -0.2 -0.6 -0.6 -1.3 -1.7 -0.6 -0.5 -1.4 -1.1 -1.9 
10" -4.7 -1.8 -1.2 -1.7 -1.6 -1.6 -2.0 -2.3 -4.6   
Sparling  
BlueWater 
4" -4.2 -5.6 -4.7 -6.3 -4.9 -5.7 -5.5 -2.7 -2.4 -3.0 
10" -2.5 -4.1 -3.8 -4.2 -3.9 -3.7 -4.5 -2.6 -2.8   
Seametrics  
AG3000 
4" +1.8 +2.0 +2.2 +1.3 +0.1 +2.1 +1.9 +1.2 +2.0 +1.9 
10" -1.4 +0.1 +0.1 -0.1 +1.3 +0.3 -0.1 -0.2 -1.6   
Siemens Sitrans  
FM MAG8000 
4" +1.1 +2.0 +1.9 +2.0 +2.9 +2.1 +1.9 +1.9 +2.0 +1.6 
10" +1.6 +1.5 +1.2 +1.4 +1.4 +1.4 +1.6 +1.6 +1.3   
ABB 
AquaMaster 3 
4" +0.9 +2.2 +2.0 +1.9 +3.6 +2.2 +2.2 +1.2 +0.6 +1.2 
10" +0.6 +2.3 +1.9 +2.0 +2.5 +1.5 +3.0 +0.7 +0.6   
Krohne   
Waterflux 3070 
4" -0.2 +0.7 +0.7 +0.8 +1.7 +0.9 +0.5 -0.1 +0.1 -0.1 
10" +0.4 +0.5 +0.9 +0.9 +0.9 +0.2 +0.7 +0.0 +0.1   
Average Error -0.6 -0.1 +0.0 -0.3 +0.2 -0.1 -0.1 -0.2 -0.5 -0.1 
Average Absolute Error  1.6  2.0  1.8  2.0  2.2  1.9  2.0  1.3  1.6  0.8 
Standard Deviation  2.2  2.6  2.3  2.7  2.7  2.5  2.7  1.7  2.0  2.0 
White: ≤2.0%, Light Gray: 2.1-5.0%, Dark Gray: >5% 
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Table 9. Average change in percent errors from all flows from magnetic flow meter testing 
Model Size Flow Rate 
Average Change in Percent Error 
Ungrounded Meter 
(Avg) 
Throttled Upstream Butterfly Valve  Double Elbows (US/DS) Double Elbows 2-Plane  
(5D U/S) 75% Open 50% Open 25% Open 2D/1D 5D/2D 10D/4D  
Change in percent error from Grounded (Avg) Valve 100% Open No Obstruction 1-Plane (5D U/S, 2D D/S)  
McCrometer Dura Mag 
4" 
High +0.2 +0.0 -0.7 -1.4 -0.2 -0.6 +0.0 +0.2  
Medium -0.3 -0.1 -0.4 -0.2 -0.6 -1.0 -0.7 -0.4  
Low -0.2 +0.0 -1.1 -0.4 -0.5 -2.0 -1.9 -1.3  
10" 




Medium -0.5 +0.6 +0.4 +0.4 +2.1 +1.7 +0.3  
Low -1.8 +1.2 +0.4 +1.4 +5.9 +4.4 -1.1  
Sparling BlueWater 
4" 
High +2.6 -1.1 -0.6 +0.4 -1.0 +0.5 +1.0 -0.3  
Medium +0.2 -0.8 -0.1 -2.6 -1.9 +0.0 +0.5 -0.1  
Low +0.7 +0.0 +6.7 -5.2 -1.6 +3.9 +3.8 -0.5  
10" 




Medium +0.4 -0.7 -0.6 -0.1 -2.1 -2.3 -1.3  
Low -1.2 +1.3 +0.2 -2.0 -0.8 +1.6 +0.0  
Seametrics AG3000 
4" 
High -0.7 +0.4 -0.7 -1.1 -0.3 -0.8 +0.0 +0.2  
Medium -0.3 +0.0 -1.6 -1.9 +0.6 -0.4 -0.4 +0.5  
Low -0.3 -0.1 +0.4 -1.5 +0.5 -0.6 +0.9 +1.2  
10" 




Medium -0.1 -0.3 -0.2 +0.4 +1.4 +0.7 -0.3  
Low +0.5 -0.2 -0.9 +1.1 +2.4 +1.4 -0.4  
Siemens Sitrans FM MAG800 
4" 
High +0.0 -0.1 +0.1 +0.0 +0.5 +0.2 +0.3 -0.2  
Medium -0.5 -0.4 +0.1 +1.0 +1.0 +0.8 +0.9 -0.3  
Low -0.1 -0.5 -0.3 +2.2 +1.5 +1.3 +1.5 -0.3  
10" 
High +0.0 -0.5 -0.6 -0.4 +0.8 +0.3 -0.3    
Medium +0.1 +0.4 +0.3 +0.6 -0.5 -0.1 -0.1    
Low 0.3 -0.6 -0.2 -0.2 -0.8 -0.3 -0.5    
ABB AquaMaster 3 
4" 
High -0.2 -0.4 -0.7 +1.4 +0.6 +0.3 -0.4 -0.4  
Medium 0.3 -0.2 +0.3 +2.7 +0.8 +0.2 -0.3 +0.1  
Low -0.6 -0.5 -0.1 +0.7 +2.5 +0.4 -0.2 +0.3  
10" 
High 0.6 -0.3 +0.1 -0.2 +1.3 +0.1 -0.3    
Medium 1.1 +0.2 -0.1 +1.0 +1.0 +0.1 +0.0    
Low 2.3 -0.5 -0.1 +0.3 +0.3 +0.1 +0.3    
Krohne WaterFlux 3070 
4" 
High -0.4 +0.0 +0.3 +1.6 +0.5 +0.4 +0.1 -0.2  
Medium -0.3 +0.1 +0.2 +2.0 +0.7 -0.1 +0.4 +0.0  
Low -0.9 +0.1 -0.7 +0.4 +2.0 -0.1 +0.2 +0.3  
10" 
High -0.2 +0.2 +0.4 +0.9 +0.9 -0.3 -0.1    
Medium -0.2 -0.2 -0.3 -0.6 +0.6 -0.5 -0.6    
Low -0.5 2.0 3.4 +3.0 -2.2 -0.4 -0.4    
Average Change +0.0 -0.1 +0.0 +0.1 +0.5 +0.3 +0.1 -0.1  
Average Meter Absolute Change A  0.5  0.3  0.5  1.0  1.1  0.7  0.5  0.3  
Standard Deviation B  0.6  0.4  0.8  1.2  1.3  1.0  0.7  0.4  
  A This is the average of the absolute value of the average percent change from each meter. White: ≤1.0%, Light Gray: 1.1-2.0%, Dark Gray: >2% 
  B This is the standard deviation of the average percent change from each meter. 
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Testing Condition 8 – Meter Electrode Orientation 
Layout 
High errors were observed on the 10-inch McCrometer meters at low flow rates near the end of testing. 
ITRC performed several follow-up tests on the meter to determine the effects of electrode positioning. 
The McCrometer’s electrodes are skewed in such a way that the electrodes are not vertically aligned 
with or perpendicular to the converter. For Testing Condition 8, the meters were positioned in the same 
configuration as Testing Condition 1, with straight pipe a minimum of 20 diameters upstream of the 
meter and ten (10) diameters downstream of the meter.  
 
For testing Condition 8, the electrodes were rotated to determine whether electrode positioning 
affected meter accuracy. The McCrometer meter’s electrodes were offset relative to the position of the 
converter, as shown previously in configuration C in Figure 3. For the first test, the converter was 
positioned vertically (0° orientation), as would be seen in a typical field installation. To orient the 
velocity electrodes horizontally, the meter was rotated 60° counterclockwise; to orient the velocity 
electrodes vertically, the meter was rotated 30° clockwise. The meter was properly grounded to an 
external grounding rod for each configuration. The gravimetric tank was used as the standard flow 
measurement device. The different meter positions tested are shown below in Figure 23. Each photo 
was taken from the upstream side of the meter. 
 
        
Figure 23. 10-inch McCrometer meter at 0° with electrodes skewed (left), at 30° CW with velocity electrodes 
vertical (middle), and at 60° CCW with velocity electrodes horizontal (right), and; flow is away from the viewer 
 
 
Figure 24. 10-inch McCrometer meter testing orientations 
Velocity-sensing electrode          Other electrode 
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Results 
The test results are shown in Table 10 and  Figure 25. Figure 26 shows the change in percent error for 
each of the rotated configurations, as compared to the converter being oriented vertically (0°).  The 
following were noted from the results: 
• Rotating the velocity electrodes affected meter accuracy, particularly at low flow rates.  
• Orienting the velocity electrodes horizontally (60° ccw) consistently produced the highest errors 
for this meter (10-inch McCrometer Dura Mag) across the flow range tested.  
 
These results indicate that electrode orientation can affect meter performance; however, the results 
cannot necessarily be extrapolated to all meters. Manufacturers use different calibration practices and 
the most accurate orientation for each meter may be different. In ITRC’s experience, magnetic flow 
meters typically perform best with the velocity-sensing electrodes in the 2 to 4 o’clock and 7 to 9 o’clock 
positions (this is contrary to the results of the testing of this 10-inch McCrometer). Orienting the 
velocity-sensing electrodes along the top or bottom of the meter typically cause issues with air bubbles 
(on the top) and/or sedimentation (on the bottom) over time.  
 
Table 10. Average percent errors for different electrode orientations on the 10-inch McCrometer  
Flow Rate 
















High -2.2 -2.0 -2.5 +0.2 -0.4 
Medium -3.1 -3.1 -4.6 +0.0 -1.5 
Low -4.2 -6.7 -10.5 -2.5 -6.3 
 White: ≤2.0%, Light Gray: 2.1-5.0%,  
Dark Gray: >5% 
White: ≤1.0%, Light Gray: 1.1-2.0%, 
Dark Gray: >2% 
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Figure 25. Average errors for different electrode orientations on the 10-inch McCrometer 
 
 
Figure 26. Change in percent error between the converter vertical orientation and other meter electrode 
orientations on the 10-inch McCrometer 
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Testing Condition 9 – VFD Electrical Grounding 
Layout 
The potential effect of VFD electrical interference on magnetic flow meter accuracy was not known. 
Four tests were performed to examine the effects of grounding and ungrounding a VFD as well as a 
magnetic flow meter on the accuracy of the meter: (1) grounded meter and grounded VFD; (2) 
ungrounded meter and grounded VFD; (3) grounded meter and ungrounded VFD, (4) ungrounded meter 
and ungrounded VFD.  
 
Testing Condition 9 used a separate pipeline configuration from all other tests. The test meter was 
placed in a section of pipe with greater that ten (10) diameters upstream and four (4) diameter 
downstream of straight, unobstructed pipe. The 4-inch Krohne Waterflux 3070 magnetic flow meter was 
tested in this configuration. A magnetic flow meter with verified accuracy was used as the standard flow 
measurement device. The standard meter was properly grounded to an external grounding rod. A view 




Figure 27. Ungrounded VFD testing site 
 
Results 
The results for each test and velocity are shown in Table 11 and Figure 28. The change in percent errors 
between the test with the meter and VFD grounded and the other configurations are shown in Figure 
29. The following were noted from the results: 
• For all tests with either the meter grounded (GND/GND and GND/UG) or with the VFD grounded 
(GND/GND and UG/GND), the difference between the average error from the grounded VFD and 
ungrounded VFD tests was negligible (< ±0.5 percent difference at all flow rates). This agrees 
with the results of Testing Condition 7, which showed that meter electrical grounding did not 
have a significant effect on accuracy.  
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• The only notable deviation occurred in the fully ungrounded test (UG/UG). However, a 
significant deviation in the error (> ±0.5 percent difference from GND/GND) only occurred at the 
medium flow rate. It is not known what might have caused this discrepancy.  
• Overall, the test results indicate that ungrounded VFDs do not have a significant effect on 
magnetic flow meter performance. 
 
Table 11. Average percent errors from grounding testing on the 4-inch Krohne 
Flow Rate 
Average Percent Error 
Meter/VFD Grounding Status: 
GND/GND UG/GND GND/UG UG/UG 
High -1.3 -1.3 -0.8 -1.1 
Medium -1.1 -1.1 -1.1 -4.5 
Low -1.1 -1.7 -1.4 -1.5 
Average -1.2 -1.4 -1.1 -2.4 
White: ≤2.0%, Light Gray: 2.1-5.0%, Dark Gray: >5% 
 
 
Figure 28. Average errors from the grounding testing on the 4-inch Krohne 
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Figure 29. Change in percent error between testing with the meter and VFD grounded and other meter/VFD 
grounding configurations on the 4-inch Krohne 
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Attachment A 
Photos of Test Meter Electrode Orientations 
 
   
Figure A-1. 4-inch McCrometer DuraMag exterior and interior 
   
Figure A-2. 10-inch McCrometer DuraMag exterior and interior 
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Figure A-3. 4-inch Sparling BlueWater exterior and interior 
   
Figure A-4. 10-inch Sparling BlueWater exterior and interior 
   
Figure A-5. 4-inch Seametrics AG3000 exterior and interior 
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Figure A-6. 10-inch Seametrics AG3000 exterior and interior 
 
   
Figure A-7. 4-inch Siemens Sitrans FM MAG8000 exterior and interior 
 
   
Figure A-8. 10-inch Siemens Sitrans FM MAG8000 exterior and interior 
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Figure A-9. 4-inch ABB AquaMaster 3 exterior and interior 
 
   
Figure A-10. 10-inch ABB AquaMaster 3 exterior and interior 
 
   
Figure A-11. 4-inch Krohne Waterflux exterior and interior 
Magnetic Flow Meter Testing 
ITRC Flow Report No. F 20-004 
Irrigation Training & Research Center 
A-5 
   
Figure A-12. 10-inch Krohne Waterflux exterior and interior 
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Attachment B 
4-inch and 10-inch Pipeline Configurations for Each Testing Condition 
 
Testing Conditions 1 & 8 – Straight Pipe, No Obstructions 
This pipeline configuration was used for the following testing conditions: 
• Testing Condition 1 – Baseline accuracy test: straight pipe, no obstructions 
• Testing Condition 8 – Meter electrode orientation  
 
The tested meter was installed in the flow measurement manifold with straight distances of 
approximately: 
• 4-inch magnetic flow meters  
o 85 pipe diameters upstream 
o 25 pipe diameters downstream 
• 10-inch magnetic flow meters  
o 25 pipe diameters upstream 
o 10 pipe diameters downstream 
  
The 4-inch and 10-inch testing was not performed simultaneously. Valve 4A/Valve 10A on either pipeline 
were open/closed to control which pipeline flow was directed to. Valve 4C/Valve 10C was throttled to 
maintain full pipe conditions for each test. The ITRC gravimetric tank was used as the standard flow rate 
measurement device for all tests. See the schematic in Figure B-1. 
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Testing Conditions 2,6 & 7 – Double Elbow Obstructions: 2D Upstream, 1D Downstream 
This pipeline configuration was used for the following testing conditions: 
• Testing Condition 2 – Double elbow obstructions: 2D upstream, 1D downstream 
• Testing Condition 6 – Throttling an upstream butterfly valve 
• Testing Condition 7 – Meter electrical grounding 
 
The test meter was installed in the testing pipeline between two double elbow fittings with straight run 
distances of approximately:  
• Two pipe diameters upstream 
• One pipe diameter downstream 
 
The standard meter was installed downstream of the second double-elbow fittings with straight run 
distances of approximately: 
• 4-inch magnetic flow meter  
o 50 pipe diameters upstream  
o >10 pipe diameters downstream 
• 10-inch magnetic flow meter  
o 18 pipe diameters upstream 
o >10 pipe diameters downstream 
 
The 4-inch and 10-inch testing was not performed simultaneously. Valve 4A/Valve 10A on either pipeline 
were open/closed to control which pipeline the flow was directed to. Valve 4C/Valve 10C was throttled 
to maintain full pipe conditions for each test. See the schematic in Figure B-2. 
 
 
Figure B-2. Schematic for double elbows 2 pipe diameters upstream and 1 pipe diameter downstream of the 
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Testing Condition 3 – Double Elbow Obstructions: 5D Upstream, 2D Downstream  
The test meter was installed in the testing pipeline between two sets of double-elbow fittings.   
• The first set of double-elbow fittings discharges into a straight pipe section 5 pipe diameters 
upstream of the test meter.  
• The second set of double-elbow fittings were located 2 pipe diameters downstream of the test 
meter. 
 
The 4-inch and 10-inch testing was not performed simultaneously. Valve 4A/Valve 10A on either pipeline 
were open/closed to control which pipeline the flow was directed to. Valve 4C/Valve 10C was throttled 
to maintain full pipe conditions for each test. The gravimetric tank was used as the standard flow 
measurement device for this configuration. See the schematic in Figure B-3 for details. 
 
 
Figure B-3. Schematic for double elbows 5 pipe diameters upstream and 2 pipe diameters downstream of the 
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Testing Condition 4 – Double Elbow Obstructions: 10D Upstream, 4D Downstream 
The test meter was installed in the testing pipeline between two sets of double-elbow fittings.   
• The first set of double-elbow fittings discharges into a straight pipe section 10 pipe diameters 
upstream of the test meter.  
• The second set of double-elbow fittings were located 4 pipe diameters downstream of the test 
meter. 
 
The 4-inch and 10-inch testing was not performed simultaneously. Valve 4A/Valve 10A on either pipeline 
were open/closed to control which pipeline the flow was directed to. Valve 4C/Valve 10C was throttled 
to maintain full pipe conditions for each test. The gravimetric tank was used as the standard flow 
measurement device for this configuration. See the schematic in Figure B-4 for details. 
 
 
Figure B-4. Schematic for double elbows 10 pipe diameters upstream and 4 pipe diameters downstream of the 
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Testing Condition 5 – Double Elbow Obstruction in Two Planes: 5D upstream 
The tested meter was installed in the 4-inch testing pipeline with two upstream elbows in different 
planes and two downstream elbows in different planes. The straight run distances were approximately 5 
pipe diameters upstream and 1 pipe diameter downstream of the meter.  
 
Valve 4A was fully open and Valve 4C was throttled to maintain full pipe conditions for each test. The 
gravimetric tank was used as the standard flow measurement device for this testing configuration. See 
the schematic in Figure B-5 for details. 
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Testing Condition 9 – Ungrounded VFD 
A VFD pump that could be connected or disconnected to an electrical grounding point drew water from 
a sump. The pump discharged into 6” pipeline, along which the standard meter was installed. Valve A 
between the pump discharge and the standard meter was fully open for all tests. A reducer fitting 
connected the 6” pipeline to the 4-inch pipeline, along which the test meter was installed. Both meters 
(test and standard) were installed with a minimum of 10 diameters upstream and 4 diameters 
downstream of straight, unobstructed pipe. Downstream of the test meter was a gooseneck to maintain 
full pipe conditions. Flow out of the downstream side of the gooseneck discharged back into the pump 
sump, recirculating the water. The standard meter used for this testing configuration was a 6” Krohne 
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Attachment C 
Standard Device Measurement 
 
The standard device used in each testing condition is summarized in Table C-1. Further information 
regarding each device is included in the subsequent sections. 
 
Table C-1. Standard device used in magnetic flow measurement testing by testing condition 
Model Size 
Testing Condition 


















100% 75% 50% 25% 
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diameter) 
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ITRC Gravimetric Tank 
The ITRC gravimetric tank was used as the standard flow measurement device for Testing Conditions 1, 
3, 4, 5, and 8. The ITRC gravimetric tank has a NIST6-traceable expanded uncertainty of 0.1% with a 95% 
confidence interval based on an analysis of the cumulative uncertainties of time, weight, and 
temperature measurements combined with other systematic uncertainties.. For further information, 
refer to ITRC Paper No. P 2020-0017.  
 
Standard Meter 
Magnetic flow meters with verified accuracy were used as the standard flow measurement device for 
Testing Conditions 2, 6, 7 and 9. The standard meters were installed in locations that exceeded the 
upstream and downstream straight pipe requirements for the respective meters. The standard meter 
used for each testing condition and the accuracy of each meter will be discussed in the following 
sections. 
 
6 NIST = National Institute of Standards and Technology; the US’s national metrology institute (NMI). 
7 ITRC Paper No. P 2020-001: Feist, K. and Z. Markow. 2020. Overview and Uncertainty Analysis for an Irrigation 
Flow Measurement Facility. ITRC Paper No. P 20-001. http://www.itrc.org/papers/fmfacility.htm 
Magnetic Flow Meter Testing 
ITRC Flow Report No. F 20-004 
Irrigation Training & Research Center 
C-2 
 
Standard Meters for Testing Conditions 2, 6, & 7 
For Testing Conditions 2, 6, and 7, (double-elbow obstructions located at 2D upstream and 1D 
downstream), the McCrometer Dura Mag and Krohne Waterflux 3070 meters were used as the standard 
meters. Table C-2 describes which standard magnetic flow meter was used for each test meter. 
Verification testing was performed prior to use of the standard meters. The average error for each 
standard meter from the initial meter accuracy verification testing against the gravimetric tank is shown 
in Table C-3.  
 
Table C-2. Standard magnetic flow meters used for Testing Conditions 2,6 & 7 
Tested Magnetic Flow Meter Standard Magnetic Flow Meter 
Manufacturer Model Manufacturer Model 
McCrometer  Dura Mag 
Krohne   Waterflux 3070 
Sparling  Bluewater 
Seametrics  AG3000 
Siemens  Sitrans FM MAG8000 
ABB  AquaMaster 3 
McCrometer Dura Mag 
Krohne  Waterflux 3070 
 
Table C-3. Average errors for standard meter accuracy verification testing 
Manufacturer Model Size (in) Average Error from All Flows (%) 
Krohne  Waterflux 3070 
4 -0.2 
10 +0.4 




Both the 4-inch and 10-inch Krohne meters as well as the 4-inch McCrometer were accurate (≤ ±0.5 
percent error) in the initial verification testing and again, several months later, when the straight pipe, 
no obstructions testing (Testing Condition 1) was performed.  
 
When the initial verification testing of the 10-inch McCrometer occurred, the meter was found to have 
an average error of -0.9 percent. However, when the meter was tested in the final configuration 
(straight pipe, no obstructions testing – Testing Configuration 1), the average error was -4.7 percent. 
When all intermediary tests were performed, the meter appeared to have minimal error. The meter was 
used as a standard during this time period. It is unclear what caused the high errors with the 10-inch 
McCrometer in the final test; however, it does not appear that the problem was present when the 
McCrometer was used as the standard.  
 
Testing Condition 9 
The standard meter used for Condition 9 was a 6-inch Krohne Waterflux 3100. The purpose of this 
testing was to observe the effect of ungrounded VFDs on an ungrounded test meter, not to measure the 
precise flow measurement accuracy of the test meter. The standard meter was used to collect a baseline 
flow rate during each test to show the relative fluctuations in the test meters measurements in response 
to each condition. Accordingly, the accuracy of the Krohne meter was not verified against the 
gravimetric tank.  
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Attachment D 
Magnetic Flow Meter Testing Procedures 
 
Table D-1 summarizes the magnetic flow meter testing conducted at the ITRC Water Resources Facility 
and the testing procedures utilized for each test condition. Subsequent sections will outline the specific 
testing and data analysis procedures for the different testing conditions and standard devices used. 
 
Table D-1. Summary of the testing procedures and standard devices for each Testing Condition 
Testing Condition Test Objective Standard Device 
Testing 
Procedure 
1 No obstructions 
Measure the magnetic flow meter error under optimal 




2 Double Elbows  (2D U/S, 1D D/S) 
Measure the magnetic flow meter error in sub-optimal 
conditions with double elbows upstream and 
downstream of the test meter 
Magnetic 
flow meter B 
3 Double Elbows  (5D U/S, 2D D/S) 
Measure the magnetic flow meter error in sub-optimal 
conditions with double elbows upstream and 
downstream of the test meter 
Gravimetric 
tank A 
4 Double Elbows (10D U/S, 4D D/S) 
Measure the magnetic flow meter error in sub-optimal 
conditions with double elbows upstream and 
downstream of the test meter 
Gravimetric 
tank A 
5 2-Plane Test 
Measure the magnetic flow meter error in sub-optimal 
conditions with double elbows in two different planes 







Measure the magnetic flow meter error in sub-optimal 
conditions with upstream butterfly valve throttled at 
various angles 
Magnetic 





Measure the magnetic flow meter error in sub-optimal 
conditions with the electrical grounding point 
connected and disconnected 
Magnetic 
flow meter B 
8 Meter electrode orientation 
Measure the magnetic flow meter error under optimal 
conditions with the meter’s velocity electrodes 
oriented at different angles 
Gravimetric 
tank A 
9 Ungrounded VFD 
Measure the magnetic flow meter error under optimal 
conditions with the pump VFD/meter 
grounded/ungrounded 
Magnetic 
flow meter B 
 
Testing Procedure A 
Testing Procedure A compared measured values from the test meter to values from the NIST-traceable 
ITRC gravimetric tank. This procedure applies to the following testing conditions: 
 
The following procedure was completed a minimum of two times for each meter/velocity/testing 
condition: 
1. Set valves A, B, and C (if installed, see schematic) to fully open for either the 4-inch or 10-inch 
configuration. The 4-inch and 10-inch meter testing was not performed simultaneously. If testing 
the 4-inch meters, fully close Valve 10A on the 10-inch configuration. If testing the 10-inch, fully 
close Valve 4A on the 4-inch configuration. 
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2. Adjust valves/gates downstream of the flow measurement manifold to route water to the weigh 
tank trough only. Make sure no other gates are open to the weigh tank trough. 
3. Turn on pump(s) and adjust the VFD speed to achieve the target water velocity.  
4. Allow system to stabilize for 5 minutes while performing periodic measurements to check flow 
stability. 
5. Set the gravimetric tank start weight and end weight to ensure the testing time period was 
approximately two minutes for the velocity being tested. This was performed to standardize the 
testing time period between tests performed at different water velocities. The following table was 
used as a reference for setting the starting and ending gravimetric tank weights for each meter 
size/velocity tested.  
 
Table D-2. Gravimetric tank settings for magnetic flow meter testing 
Meter size 
(in) 
Target velocity  
(fps) 
Gravimetric tank starting 
weight (lb) 
Gravimetric tank ending 
weight (lb) 
10 
2 2000 12000 
5 2000 20000 
10 2000 24000 
4 
2 2000 3000 
5 2000 4000 
10 2000 8000 
 
6. Gravimetric tank filling began; start of testing time period. 
7. Flow rate manually recorded from tested meter’s display; a minimum of 10 samples were collected 
on 15-second intervals. 
8. Gravimetric tank filling ended; end of testing time period. 
a. At high flows, the gravimetric tank fills quickly. After the gravimetric tank discharged, 
measurements recording from the magnetic flow meter continued until a total 10 
measurements had been recorded.  
b. At low flows, the gravimetric tank takes longer to fill. Magnetic flow meter measurements 
were continuously recorded until the gravimetric tank discharged.  
9. Gravimetric tank average flow rate during test computed from measurements by PLC. 
 
The following data processing procedure was used to calculate the average error and average absolute 
error for each meter and testing condition: 
1. Meter/velocity/testing condition/iteration average velocity calculated as the mean of the manually 
recorded data points over the testing time period. 
2. Meter/velocity/testing condition average velocity calculated from the results for each iteration from 
Step 1 (at least two iterations per meter/velocity/testing condition) 
3. Meter/velocity/testing condition average error calculated from the results calculated in Step 2 using: 
 
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑃𝑃 =  
𝐴𝐴𝐴𝐴𝐴𝐴 𝑇𝑇𝑃𝑃𝑇𝑇𝑃𝑃 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐸𝐸𝐹𝐹 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃 − 𝐴𝐴𝐴𝐴𝐴𝐴 𝐺𝐺𝑃𝑃𝑅𝑅𝐴𝐴𝐷𝐷𝐺𝐺𝑃𝑃𝑃𝑃𝑃𝑃𝐷𝐷𝑃𝑃 𝑇𝑇𝑅𝑅𝑃𝑃𝑇𝑇 𝐹𝐹𝐹𝐹𝐸𝐸𝐹𝐹 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃
𝐴𝐴𝐴𝐴𝐴𝐴 𝐺𝐺𝑃𝑃𝑅𝑅𝐴𝐴𝐷𝐷𝐺𝐺𝑃𝑃𝑃𝑃𝑃𝑃𝐷𝐷𝑃𝑃 𝑇𝑇𝑅𝑅𝑃𝑃𝑇𝑇 𝐹𝐹𝐹𝐹𝐸𝐸𝐹𝐹 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃
× 100% 
4. Test meter average error was calculated as the mean of the results for each meter/velocity/testing 
condition from Step 3. 
5. Meter/velocity change in percent error was calculated to illustrate the relative change in meter 
accuracy in response to different testing conditions, or between different tests in the same testing 
condition. The change in percent error was calculated using: 
 
𝐶𝐶ℎ𝑅𝑅𝑃𝑃𝐴𝐴𝑃𝑃 𝐷𝐷𝑃𝑃 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑃𝑃 =  𝐶𝐶𝐸𝐸𝑃𝑃𝑆𝑆𝐷𝐷𝑃𝑃𝐷𝐷𝐸𝐸𝑃𝑃 1 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑃𝑃 − 𝐶𝐶𝐸𝐸𝑃𝑃𝑆𝑆𝐷𝐷𝑃𝑃𝐷𝐷𝐸𝐸𝑃𝑃 2 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑃𝑃 
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Testing Procedure B  
Testing Procedure B compared measured values from the test meter to measured values from a 
standard meter with verified accuracy. The following procedure was completed a minimum of two times 
for each meter/velocity/sub-condition/testing condition: 
1. VFD pump speed adjusted until the desired flow rate/velocity was achieved. 
2. Set valves A, B, and C (see schematics in Attachment B) to fully open for the first test for either the 
4-inch or 10-inch configuration. If testing the 4-inch, fully close Valve 4A on the 10-inch 
configuration. If testing the 10-inch, fully close Valve 10A on the 4-inch configuration. 
3. Flow rate from the pump stabilized for a minimum of 5 minutes. Periodic measurements were taken 
during this time period to assess the flow rate. 
4. Start of testing time period; measurement data shown on each meter’s (test and standard) remote-
mounted display was manually recorded.  
5. The measurements were recorded simultaneously on 30-second intervals for a 5-minute period (11 
readings total).  
6. Last measurements recorded at 5 minutes; end of testing time period. 
 
The following data processing procedure was used to calculate the average error and average absolute 
error for each test meter/velocity: 
1. Average flow rate from the standard meter for each test/velocity was calculated as the average of 
the manually recorded measurements during the testing time period. 
2. Average flow rate from the test meters for each meter/velocity was calculated as the average of the 
manually recorded measurements during testing time period. 
3. Meter/velocity average error was calculated from the results calculated in Steps 1 and 2 using: 
 
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑃𝑃 =  
𝐴𝐴𝐴𝐴𝐴𝐴 𝑇𝑇𝑃𝑃𝑇𝑇𝑃𝑃 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐸𝐸𝐹𝐹 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃 − 𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑃𝑃𝑅𝑅𝑃𝑃𝑆𝑆𝑅𝑅𝑃𝑃𝑆𝑆 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐸𝐸𝐹𝐹 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃
𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑃𝑃𝑅𝑅𝑃𝑃𝑆𝑆𝑅𝑅𝑃𝑃𝑆𝑆 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐸𝐸𝐹𝐹 𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃
× 100% 
 
4. Test meter average error was calculated as the mean of the results for each velocity from Step 3. 
5. Meter/velocity change in percent error was calculated to illustrate the relative change in meter 
accuracy in response to different testing conditions, or between different tests in the same testing 
condition. The change in percent error was calculated using: 
 
𝐶𝐶ℎ𝑅𝑅𝑃𝑃𝐴𝐴𝑃𝑃 𝐷𝐷𝑃𝑃 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑃𝑃 =  𝐶𝐶𝐸𝐸𝑃𝑃𝑆𝑆𝐷𝐷𝑃𝑃𝐷𝐷𝐸𝐸𝑃𝑃 1 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑃𝑃 − 𝐶𝐶𝐸𝐸𝑃𝑃𝑆𝑆𝐷𝐷𝑃𝑃𝐷𝐷𝐸𝐸𝑃𝑃 2 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝑃𝑃 
 
